As a central component of the DNA damage checkpoint pathway, the conserved protein kinase Chk1 mediates cell cycle progression when DNA damage is generated. Msc1 was identified as a multicopy suppressor capable of facilitating survival in response to DNA damage of cells mutant for chk1. We demonstrate that loss of msc1 function results in an increased rate of chromosome loss and that an msc1 null allele exhibits genetic interactions with mutants in key kinetochore components. Multicopy expression of msc1 robustly suppresses a temperature sensitive mutant (cnp1-1) in the centromere-specific histone H3 variant CENP-A, and localization of CENP-A to the centromere is compromised in msc1 null cells. We present several lines of evidence to suggest that Msc1 carries out its function through the histone H2A variant H2A.Z, encoded by pht1 in fission yeast. Like an msc1 mutant, a pht1 mutant also exhibits chromosome instability and genetic interactions with kinetochore mutants. Suppression of cnp1-1 by multicopy msc1 requires pht1. Likewise, suppression of the DNA damage sensitivity of a chk1 mutant by multicopy msc1 also requires pht1. We present the first genetic evidence that histone H2A.Z may participate in centromere function in fission yeast, and propose that Msc1 acts through H2A.Z to promote chromosome stability and cell survival following DNA damage.
INTRODUCTION
The fission yeast Schizosaccharomyces pombe has proven to be a useful model system for studies of cell cycle events including DNA replication, mitosis and cytokinesis. These events must be executed with high fidelity to ensure chromosome integrity. Checkpoints monitor key events during the cell cycle and block subsequent events if earlier ones are incomplete, thereby increasing the fidelity of DNA replication and chromosome segregation (HARTWELL and KASTAN 1994; HARTWELL and WEINERT 1989; MURRAY 1992) . The DNA damage checkpoint is activated in response to genotoxic stress such as irradiation or aberrant DNA replication (O'CONNELL et al. 2000) , and delays cell cycle progression by inhibiting the activity of cyclin dependent kinases (Cdks), key regulators of cell cycle progression in all eukaryotic cells (MORGAN 1997) .
In fission yeast, Cdc2 is the primary Cdk, which is dephosphorylated at tyrosine 15 to promote entry into mitosis (GOULD and NURSE 1989) . Tyrosine phosphorylation of Cdc2 is maintained by Wee1 and Mik1 (LUNDGREN et al. 1991) , while the Cdc25 phosphatase dephosphorylates Cdc2 at the same site to initiate mitosis (MILLAR et al. 1991) . In response to DNA damage the protein kinase Chk1 is phosphorylated and inhibits mitotic entry by phosphorylating Wee1 and Cdc25 to prevent activation of Cdc2 (CAPASSO et al. 2002; GUO et al. 2000; LIU et al. 2000; LOPEZ-GIRONA et al. 2001; RALEIGH and O'CONNELL 2000; RHIND et al. 1997) . The phosphorylation of Chk1 is dependent on the protein kinase Rad3 (WALWORTH and BERNARDS 1996) , which belongs to a subgroup of a phosphatidylinositol 3 kinase (PI3K)-like family that includes the human proteins ATM and ATR (ABRAHAM 2001; MELO and TOCZYSKI 2002; SHILOH 2001) .
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Page 5 of 37 f A fission yeast protein, Msc1, related to mammalian proteins RBP2 and PLU-1, was identified as a multi-copy suppressor of cells defective for chk1 function (AHMED et al. 2004) . RBP2, first isolated as a protein that interacts with the tumor suppressor Rb, is postulated to act both as a transcriptional activator and repressor, depending on context (BENEVOLENSKAYA et al. 2005; CHAN and HONG 2001) . PLU-1 was first isolated as a transcript upregulated in breast cancer cells that is normally expressed mainly in the testis and during development (LU et al. 1999; MADSEN et al. 2002) . PLU-1 interacts with transcription factors to repress transcription in a reporter assay system (TAN et al. 2003) .
Like RBP2 and PLU-1, Msc1 has multiple domains suggestive of a role in modulating chromatin structure and/or function, including 3 PHD motifs and JmjN and JmjC domains, though Msc1 lacks the ARID domains common to RBP2 and PLU-1 (AHMED et al. 2004) . While cells lacking msc1 are relatively resistant to DNA damaging agents, loss of msc1 function exacerbates the DNA damage sensitivity resulting from loss of chk1 function. Furthermore, msc1 null cells are sensitive to the histone deacetylase inhibitor trichostatin A (TSA), as they lose viability relative to wild type cells. Thus, it is possible that Msc1 plays a role in maintaining proper chromatin structure and function.
The faithful segregation of chromosomes at mitosis requires the coordinated action of multiple cell cycle checkpoints that monitor replication of the genome and the attachment of sister chromatids to the mitotic spindle apparatus (AMON 1999).
Attachment of spindle microtubules to chromosomes occurs through the kinetochore, a specialized protein structure that associates with the centromeric region of the chromosome (AMOR et al. 2004; CLEVELAND et al. 2003) . Nucleosomes at the centromere contain CENP-A, a centromere-specific histone H3 variant. In fission yeast, f loading of CENP-A at the centromere is dependent on the Mis6 complex and is promoted by the Ams2 protein (CHEN et al. 2003; HAYASHI et al. 2004; TAKAHASHI et al. 2000) .
Mis6, a homolog of vertebrate CENP-I (NISHIHASHI et al. 2002; SAITOH et al. 1997) , forms a complex with Mis15, Mis17, and Sim4 (HAYASHI et al. 2004; PIDOUX et al. 2003) . Another evolutionarily conserved kinetochore protein Mis12 forms a complex with Mis13 and Mis14 (HAYASHI et al. 2004; OBUSE et al. 2004 ), but Mis12 is dispensable for CENP-A loading in fission yeast (GOSHIMA et al. 2003; GOSHIMA et al. 1999) . In vertebrate cells the Mis12 complex has been proposed to form the core binding site within the kinetochore for the attachment of spindle microtubules (CHEESEMAN et al. 2006) . Fission yeast cells bearing mutations in kinetochore complex components exhibit unequal chromosome segregation (GOSHIMA et al. 1999; PIDOUX et al. 2003; SAITOH et al. 1997; TAKAHASHI et al. 2000) . In the event that microtubules do not attach or tension on the spindle is relieved, the mitotic spindle checkpoint is activated to prevent the onset of anaphase, exit from mitosis and initiation of cytokinesis (LEW and BURKE 2003; PINSKY and BIGGINS 2005) . Mis6 is required in fission yeast for loading of the mitotic spindle checkpoint protein Mad2 at the kinetochore (SAITOH et al. 2005) .
While kinetochore protein structures are key elements in maintaining chromosome stability, the integrity of the centromeric chromatin, upon which kinetochores assemble, is critical as well. The function of mammalian centromeres relies not only on the histone variant CENP-A, but also on the histone H2A variant H2A.Z (RANGASAMY et al. 2004) . Recently it has been shown that histone H2A.Z and CENP-A form distinct domains within the centromeric region (GREAVES et al. 2007) . While histone H2A.Z has not yet been localized in fission yeast, cells with a disruption in the 8/30/07
Page 7 of 37 f pht1 gene encoding histone H2A.Z exhibit chromosome loss (CARR et al. 1994) . In budding yeast, histone H2A.Z is found throughout the genome, specifically within one or two nucleosomes that flank nucleosome-free promoters, perhaps establishing marks for the activation of transcription (GUILLEMETTE et al. 2005; LI et al. 2005; MILLAR et al. 2006; RAISNER et al. 2005; ZHANG et al. 2005) . A chromatin remodeling complex containing the Swr1 protein facilitates the exchange of histone H2A.Z for the core histone H2A (MIZUGUCHI et al. 2004) .
In this study, we characterize the phenotype of cells lacking fission yeast msc1. Table 1 . Standard genetic methods were utilized for strain construction (MORENO et al. 1991) . Cells were grown at 30° unless otherwise indicated. Survival following UV treatment was determined as described previously (WALWORTH et al. 1993) . For spotting assays, cells were grown to mid-log phase and 10-fold serial dilutions were made. Aliquots of 5µl of each dilution were spotted on plates. For monitoring mitotic entry in the presence of a microtubule inhibitor, log-phase cdc25-22 cells were shifted to 36° for 3 hr to synchronize them in G2, then shifted to 25° in the presence of 50 µg/ml thiobendazole (TBZ, Sigma). Samples were collected at 20-minute intervals, fixed with 70% ethanol and stained with DAPI and calcofluor before counting binucleate cells under the fluorescent microscope.
Immunofluorescence studies were performed as described previously (AHMED et al. 2004 ) with TAT-1 antibody to α-tubulin (a kind gift of Dr. Keith Gull) and DAPI staining to visualize nuclei. For determining the percentage of cells with lagging chromosomes, cells were grown at 18° and cells with elongated anaphase spindles as visualized with TAT-1 antibody were counted (EKWALL et al. 1995) . The number of cells in anaphase with more than two DAPI staining spots were counted as having lagging chromosomes.
Chromosome loss assay:
The minichromosome Chr16 (NIWA 1986) was introduced into Page 10 of 37 f hour. The samples were pelleted and the beads washed while rotating with the following buffers, each for 10 minutes in the cold room: FALB, FALB-500 mM NaCl, Wash Buffer (10 mM Tris-Cl, pH 8.0, 250 mM LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% Nadeoxycholate), and TE. After the TE wash, the IP-beads were resuspended in 400 microliters of TE. The input samples were brought up to 400 microliters as well. Five microliters of 10 mg/ml RNase A were added and incubated at 37°C for 30 minutes. To reverse the crosslinks, 20 microliters of 10% SDS was added and the samples incubated at 65°C for 20 hours. The next day, the samples were incubated with 10 microliters of 10 mg/ml proteinase K for 6 hours at 55°C. The samples were then purified using a DNA Qiagen column or by phenol-chloroform extraction and precipitated.
One microliter of each IP sample and one microliter of each input sample (diluted five fold) was used in the PCR reaction. Samples were amplified for 28 cycles which results in reaction products that are linear with respect to the amount of template DNA used in the reactions. PCR products were separated on an agarose gel and photographed with a digital camera. Photographs were scanned and analyzed with NIH ImageJ for quantitation of signals, which were in the linear range of the detection program.
Enrichments were calculated as the ratio of signal at cnt or imr relative to otr (where CENP-A is not expected to bind (TAKAHASHI et al. 2000) ) for the immunoprecipitates, normalized to the ratio of signals for the input DNA. Normalized enrichments, reported in figure 4, were calculated as the ratio of E for the tagged strain versus E for the untagged strain for the given PCR reaction.
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RESULTS
Msc1 is important for chromosome stability: Previously we isolated Msc1 as a multicopy suppressor of a mutant defective for the checkpoint kinase Chk1. We showed that Msc1 associates with chromatin and co-precipitates a histone deacetylase activity (AHMED et al. 2004 ). In the course of examining the msc1 null strain, we observed an unusual DAPI staining pattern with individual cells often containing an extra DAPIstaining spot suggestive of lagging chromosomes. Therefore, we compared chromosome segregation in msc1::kan R and msc1 + cells synchronized in G2 and released into mitosis.
As shown in Figure 1A , cells lacking msc1 exhibit multiple DAPI spots along the mitotic spindle (white arrows in inset), whereas this phenotype is not observed in the wild type cells. To quantitate this phenotype, cells were grown at low temperature and the frequency of lagging chromosomes on late anaphase spindles was determined as described (EKWALL et al. 1995 Figure 1B and quantified in Table 2 , the rate of chromosome loss in the msc1::kan R deletion strain is elevated approximately 30-fold compared to an isogenic wild type strain.
Chromatin structure at the core centromere region shows a unique pattern after micrococcal nuclease (MNase) digestion (POLIZZI and CLARKE 1991; TAKAHASHI et al. 1992) . Since Msc1 has been implicated in modification of histones (AHMED et al. 2004) , and a dramatic change in chromatin structure at the centromere could influence attachment of chromosomes to the mitotic spindle, we examined the nucleosome pattern following MNase digestion of chromatin isolated from wild type and from msc1 null cells. No differences were detected in the digestion pattern of centromeric chromatin when wild type and msc1::kan R cells were examined (supplemental data), indicating that no gross change in nucleosome organization results from the absence of msc1.
Msc1 exhibits genetic interactions with Mis12 and Mis6:
The lagging chromosome phenotype is common in fission yeast mutants that affect chromosome segregation and kinetochore function. To evaluate whether Msc1 influences kinetochore function, double mutants with strains harboring temperature sensitive mutations in the genes encoding Mis12 and Mis6 (GOSHIMA et al. 1999; SAITOH et al. 1997) were constructed. Deletion of msc1 in the temperature sensitive mis12-537 background results in a lower restrictive temperature as compared to mis12-537 alone (Figure 2A ). While the mis12-537 mutant readily forms colonies at 34°, the double mutant mis12-537 msc1::kan R is compromised for growth at this temperature. Likewise, a mis6-302 msc1::kan R mutant is compromised for growth at 32° whereas the mis6-302 strain is viable at this temperature ( Figure 2B ). (KNIOLA et al. 2001) . Deletion of msc1 in a temperature sensitive mutant cnp1-1 background does not exacerbate cnp1-1 temperature sensitivity, indeed it seems to improve growth somewhat at 30°C (Figure 3A) , though this behavior is not apparent when single colonies are streaked on plates (data not shown). On the contrary, multi-copy expression of msc1 suppresses the temperature sensitivity of cnp1-1 ( Figure   3B ), as does overexpression of ams2, a gene identified by virtue of this property. Ams2 is implicated in loading of CENP-A at the centromere (CHEN et al. 2003) . Mis6 is also required for CENP-A to localize to centromeres (TAKAHASHI et al. 2000) , and as shown in Figure 3C , the ability of multi-copy msc1 to suppress cnp1-1 requires mis6 function.
To determine whether Msc1 affects localization of fission yeast CENP-A to the centromere, we performed chromatin immunoprecipitation experiments using GFPtagged Cnp1. As shown in Figure 4 , Cnp1-GFP localizes to the inner regions of the centromere (cnt and imr), but not to the outer region (otr) (TAKAHASHI et al. 2000) . In a mutant null for msc1, association of Cnp1-GFP to either cnt or imr is dramatically reduced. (CARR et al. 1994) . In our hands, the loss rate for a pht1 null strain is elevated 15-fold above wild-type levels, whereas deletion of msc1 or simultaneous deletion of both pht1 and msc1 results in an approximately 30-fold increase relative to wild-type cells (Table 2 ).
To determine if the pht1 deletion strain affects kinetochore function, crosses were carried out with mis12-537 and mis6-302. As shown in Figure 5 , deletion of pht1 lowers the restrictive temperatures of mis12-537 even more so than does deletion of msc1 ( Figure 5A ). Like deletion of msc1, deletion of pht1 also reduces the restrictive temperature of mis6-302 ( Figure 5B) . A triple mutant of mis6 msc1∆ pht1∆ is equally temperature sensitive as either mis6-302 msc1∆ or mis6-302 pht1∆
Paradoxically, the mis12 pht1∆ msc1∆ strain exhibits improved growth as compared to mis12 pht1∆, equivalent to that seen for mis12 msc1∆
To determine whether suppression of the temperature sensitivity of cnp1-1 by multi-copy pmsc1 requires histone H2A.Z, a double mutant of pht1∆ and cnp1-1 was constructed and transformed with the pmsc1 plasmid. As shown in Figure 5C , pmsc1 is unable to rescue cnp1-1 in the absence of histone H2A.Z.
Histone H2A.Z and Mad2 are required for pmsc1 to suppress chk1: Msc1 was originally identified in fission yeast because of its ability to rescue a chk1-defective strain in which DNA ligase, encoded by cdc17, was mutated (AHMED et al. 2004) . We tested whether the ability of Msc1 to rescue a chk1∆ cdc17-K42 strain is also dependent on 8/30/07
Page 15 of 37 f histone H2A.Z. As shown in Figure 6 , while multi-copy pmsc1 supports growth of a chk1∆ cdc17-K42 strain at 32°, it cannot do so when pht1 is deleted (middle panel).
Deletion of pht1 alone in the cdc17-K42 strain does not compromise viability at 32° (bottom panel). Thus, the ability of pmsc1 to rescue loss of chk1 function requires the presence of H2A.Z.
Recent results from others suggest that Chk1 may play a role not only in preventing the onset of mitosis when DNA is damaged, but also in slowing events within mitosis, particularly the metaphase to anaphase transition (COLLURA et al. 2005) . Indeed, cells lacking the mitotic spindle checkpoint protein Mad2 are slightly sensitive to DNA damaging agents, consistent with a possible back up role for this checkpoint in promoting survival following DNA damage (COLLURA et al. 2005) . Taking these observations into account, we tested the possibility that suppression of the chk1 defect by multi-copy msc1 might require the function of Mad2. We constructed a strain with deletions of both chk1 and mad2 in the cdc17-K42 background. As shown in Figure 7A , the triple mutant cannot be suppressed by expression of pmsc1 (second panel), whereas a strain with the mad2 gene intact can be suppressed (top panel). Thus, suppression of the chk1 defect by multi-copy msc1 when DNA damage is present requires an intact spindle checkpoint. As expected, a pchk1 plasmid was able to suppress the growth defect in the triple mutant background ( Figure 7A et al. 2004; FATTAEY et al. 1993; LU et al. 1999; MAO et al. 1997; TAN et al. 2003) . In PHD domains have been suggested to have two disparate activities. The structural similarity of PHD domains to RING domains (CAPILI et al. 2001; PASCUAL et al. 2000) suggested that they might possess E3 ubiquitin ligase activity, which has been demonstrated for several PHD motifs found in non-nuclear proteins (COSCOY et al. 2001; 8/30/07 Page 18 of 37 f GOTO et al. 2003; LU et al. 2002; YONASHIRO et al. 2006) . More recently the PHD domains of at least two sets of proteins have been shown to behave as histone H3 di-or tri-methyl binding domains (LI et al. 2006; MARTIN et al. 2006; PENA et al. 2006; SHI et al. 2006; WYSOCKA et al. 2006) . The PHD fingers of Msc1 do not appear to bind to histones, but do possess ubiquitin E3 ligase activity (DUL and WALWORTH 2007) .
Whether the corresponding PHD domains of RBP2 or PLU-1 possess either function remains to be determined.
JmjC domains have garnered attention recently as a subset of such domains have been shown to possess histone demethylase activity (TSUKADA et al. 2006) . Indeed, the JmjC domains of RBP2 and PLU-1 are reported to demethylate histone H3-K4 (CHRISTENSEN et al. 2007; KLOSE et al. 2007; YAMANE et al. 2007 ). However, many of the amino acid residues implicated in iron and α-ketoglutarate binding, which are thought to be essential for enzymatic activity of this domain, are not conserved in Msc1 (KLOSE et al. 2006) . Thus, elucidation of the functional activity of the JmjC domain in Msc1 will require further investigation.
The results of our phenotypic and genetic analysis of Msc1 lead us to hypothesize that the protein affects chromosome stability by directly or indirectly promoting kinetochore attachment to the mitotic spindle. The fact that multi-copy Msc1 robustly suppresses a cnp1-1 mutant suggests that Msc1 might facilitate CENP-A incorporation or retention at the centromere, and indeed, CENP-A localization to the centromere is reduced in an msc1 null strain. However, the fact that cnp1 is an essential gene whereas msc1 is not indicates that a minimal level of CENP-A may be present at the centromere in the msc1 null strain. Indeed, the fact that centromeres in the msc1 null strain show a 8/30/07
Page 19 of 37 f digestion pattern when exposed to nuclease (see Supplementary Figure 2 ) similar to that seen for wild-type cells suggests that CENP-A is present in sufficient amounts at the inner core to retain the chromatin structure characteristic of this region (TAKAHASHI et al. 2000) .
Histone H2A.Z must be present for multi-copy pmsc1 to suppress the cnp1-1 mutant or to suppress loss of chk1 function. A molecular explanation for these Page 36 of 37 f strain was transformed with the indicated plasmids. Cells were grown at 25° in minimal media to mid-log phase. 10-fold serial dilutions were spotted on minimal media plates and incubated at the indicated temperatures for 3 to 4 days. A.
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